of STA-MCA bypass surgery as a prophylaxis against stroke. 13 STA-MCA bypass was not effective in preventing subsequent stroke as compared with the best medical therapy in any group of patients, including the 808 patients with symptomatic complete occlusion of the ICA. Based on results of this trial, EC-IC arterial bypass was generally abandoned as a treatment for symptomatic complete ICA occlusion. After the trial, several groups criticized the results on multiple grounds, 2, 8, 35 including the inability to identify and separately analyze a subgroup of patients with impaired cerebral hemodynamics due to occlusive cerebrovascular disease in whom surgical revascularization might be more beneficial. 8 Since then, advances in neuroimaging have made it possible to determine the hemodynamic effects of ICA occlusion in individual patients. 9, 10, 16, 20, 24, 40 The strongest evidence for an association between cerebral hemodynamic impairment and stroke was provided by the St. Louis Carotid Occlusion Study (STLCOS). 16 In this blinded prospective study, investigators found that severe hemodynamic failure, manifested by an elevated OEF in the cerebral hemisphere distal to complete ICA occlusion, was an independent predictor of subsequent stroke in symptomatic medically treated patients. The STA-MCA arterial bypass surgery has been shown to improve cerebral hemodynamics distal to an occluded ICA. 4, 15, 17, 29, 28, 33 The Carotid Occlusion Surgery Study (COSS) was a prospective, parallel-group, 1:1 randomized, open-label, blinded-adjudication treatment trial designed to test the hypothesis that STA-MCA anastomosis, when combined with the best medical therapy, could reduce by 40% the subsequent occurrence of ipsilateral ischemic stroke at 2 years in patients with recent symptomatic ICA occlusion and ipsilateral increased OEF as measured by PET. The trial design and analysis as well as primary results have already been reported. 27 The primary end points in the surgical group were 1) all stroke and death from surgery through 30 days postoperatively plus 2) ipsilateral hemispheric ischemic stroke within 2 years of randomization. The primary end points in the nonsurgical group were 1) all stroke and death from randomization through 30 days plus 2) ipsilateral hemispheric ischemic stroke within 2 years of randomization. All primary end points were ipsilateral ischemic strokes. Based on an intent-to-treat analysis, 2-year rates for ipsilateral ischemic stroke were 21.0% (20 events, 95% CI 12.8%-29.2%) for the 97 participants in the surgical group and 22.7% (20 events, 95% CI 13.9%-31.6%) for the 98 patients in the nonsurgical group (p = 0.78, z-test; difference = 1.7%; 95% CI -10.4% to 13.8%).
The initial report of results for the COSS trial 27 had only a brief description of the major findings, which are reviewed in the current article. In addition, we include a large amount of unpublished data about the STA-MCA bypass procedures done in this trial, which we believe should be widely available to vascular neurosurgeons. Reports of the original EC-IC bypass trial 3, 13 contained few details about the 652 STA-MCA bypasses performed in that study. These data are no longer available, which is a major loss for vascular neurosurgery.
Methods

Informed Consent
Study participants provided written informed consent according to local IRB regulations and study protocol requirements (COSS Clinical Coordinating Center IRB approval: Washington University in St. Louis Human Research Protection Office #01-370 and University of North Carolina IRB Approval #307-1020; US FDA IND #62,657). This clinical trial (no. NCT00029146) was registered with ClinicalTrials.gov (http://clinicaltrials.gov).
Surgical Procedure
The EC-IC arterial bypass procedure used in the COSS trial was a standard STA-MCA cortical branch anastomosis. 12, 25, 30, 41 If the STA was not suitable for anastomosis to the MCA, the OA could be used in place of the STA. All surgical patients were placed on 81 or 325 mg of aspirin daily prior to the bypass procedure. All other perioperative issues, such as anticonvulsants, antibiotics, choice of anesthetic agents, intraoperative hemodynamic monitoring, and perioperative fluid loading, were left to the discretion of the operating surgeon. The STA-MCA cortical branch anastomosis was done using the best STA branch and the best MCA cortical branch. Only one anastomosis was done in each patient. Patients with an "unsuitable" STA (diameter < 1 mm) were excluded from the study. Details of the surgical technique used for the STA-MCA anastomosis, such as the use of running or interrupted 10-0 Prolene or nylon sutures, a straight or elliptical incision in the MCA cortical branch, and preparation of the STA graft, were left to the discretion of the operating surgeon. During and immediately following the surgical procedure, data concerning anesthesia techniques, intraoperative blood pressures, cerebral monitoring, and technical aspects of the bypass procedure were recorded and saved for analysis. After surgery, all patients were left on 81 or 325 mg of aspirin for at least 30 days. Thereafter, when deemed appropriate by the neurosurgeon, patients were returned to the antithrombotic treatment preferred by their physicians. Intraoperative assessment of STA-MCA bypass patency was performed using Doppler ultrasound examination and/or cerebral angiography. The first follow-up visit was 30-35 days after randomization. All surgical participants underwent repeat PET scanning 30-60 days postoperatively. Subsequent follow-up visits occurred at 3-month intervals after randomization until 24 months or the end of the trial. Doppler ultrasound examination was used to determine postoperative STA-MCA bypass patency at follow-up visits.
Surgical Certification
Surgeons were certified for the study 1) by attending an initial training workshop in St. Louis where videotaped instruction was viewed and surgical practice of microvascular anastomosis was performed on frozen cadaver heads and live rat carotid arteries, or 2) by demonstrating at least 80% bypass graft patency and ≤ 10% incidence of stroke and death at 1 month in at least 10 consecutive STA-MCA bypass surgeries. Surgeons with fewer than 10 STA-MCA bypass cases available for re-view received provisional certification to perform the STA-MCA bypass in an enrolled patient under the supervision of the principal neurosurgical investigator for the trial or a designated neurosurgeon with extensive STA-MCA bypass experience.
Further Cerebrovascular Procedures
Both the nonsurgical and surgical patients were prohibited from undergoing any additional surgical procedures after the STA-MCA arterial bypass that might alter cerebral hemodynamics or affect stroke risk, except for a carotid endarterectomy performed for the development of symptomatic contralateral stenosis of the ICA.
Statistical Analysis
Categorical variables are displayed as counts and rates, and continuous variables are displayed as means ± standard deviations. Univariate analyses were used to compare baseline values and intraoperative variables between those who had a stroke within 2 days of surgery and those who did not. We compared the 2 groups using generalized Fisher exact tests for categorical variables, t-tests for continuous variables that were approximately normally distributed, and Wilcoxon rank-sum tests for variables that were not normally distributed (noted in tables). Even though there were a large number of such comparisons, we did not adjust p values for the multiplicity. For the comparison of 2-year outcomes between surgeons who were department or division chairs and those who were not, Kaplan-Meier methods were used to describe the distribution of time to primary event for each group. The log-rank test was used to compare the 2 distributions.
Results
Thirty different surgeons (Appendix) performed 92 STA-MCA bypasses and 1 OA-MCA bypass at a median of 6 days (interquartile range 1-13 days) after randomization to the surgical group. Four participants randomized to the surgical group did not undergo surgery. No strokes occurred during the time between randomization and surgery. The bypass patency rate was excellent: 98% (88 of 90 patients with patency data) at the 30-day postoperative visit. One patient died in the postoperative period, and graft patency data were not recorded in 2 other patients at the 30-day follow-up visit. At the last follow-up visit during which STA-MCA arterial bypass patency was assessed (mean 605 ± 270 days, range 28-1596 days), the graft patency rate was 96% (86 of 90 patients with patency data). The mean OEF ratio in the surgical group improved from 1.258 ± 0.14 at baseline (93 patients) to 1.109 ± 0.101 at the 30-to 60-day postoperative repeat PET (87 patients). Comparing the 87 patients who had both a preoperative and a postoperative PET scan, the mean OEF ratio improved from 1.254 ± 0.135 to 1.109 ± 0.101 (p < 0.0001). In a previous study, the upper limit of the OEF ratio calculated using similar methods in 18 normal patients was 1.062. 16 Twenty-nine percent (25 of 87) of the postoperative PET scans in the COSS had an OEF ratio within the normal range.
Fourteen (15%) of the 93 patients who underwent an arterial bypass had a primary end point ipsilateral hemispheric stroke in the 30-day postoperative period. Twelve of the 14 postoperative ipsilateral hemispheric strokes occurred within the first 2 days following surgery; the other 2 cases occurred 5 and 15 days after surgery. The occurrence of 2 strokes more than 2 days after surgery, but within 30 days, was a pattern identical to that observed in the nonsurgical group of 98 patients, which had 2 ipsilateral strokes within 30 days of randomization.
Of the 14 strokes occurring within the 30-day postoperative period, 2 were disabling at the last follow-up (Barthel Index < 12) and 1 was fatal. The patient who died in the postoperative period had 2 ipsilateral strokes on the day of surgery, had a vertebrobasilar artery distribution stroke on POD 1, and died on POD 4. The bypass in this patient was believed to be patent during the surgical procedure. A second patient had a postoperative ipsilateral stroke on the day of surgery. This bypass was also thought to be patent during the procedure, but the graft was occluded at the 30-day follow-up visit. In a third patient, the bypass was not patent at the completion of surgery and an ipsilateral stroke occurred on POD 1. Thus, at the 30-day follow-up visit, the STA-MCA bypass was patent in 11 of the 14 patients who had an ipsilateral hemispheric stroke 30 days postoperatively. The bypass was patent at the last follow-up in the 2 patients who had had a disabling ipsilateral hemispheric stroke postoperatively. In 2 patients who had an ipsilateral hemispheric stroke in the 30-day postoperative period, other serious adverse events occurred during this time ( Table 1) . One of them also had an episode of hypoglycemia on POD 2, a deep venous thrombosis on POD 6, an episode of atrial fibrillation/flutter on POD 9, a pulmonary embolus on POD 9, and a nonfatal cardiac tamponade on POD 14. The second patient had a small asymptomatic subdural hematoma and significant anemia on POD 3.
Twelve additional patients who did not have a 30-day postoperative stroke had serious adverse events in the postoperative period (Table 1) . Among these events were TIAs that occurred in 4 patients on PODs 1, 7, 8, and 9, respectively. Three of these TIAs were reported as ipsilateral hemispheric strokes by the clinical sites but were later adjudicated as TIAs. Two of the 12 patients had a subdural hematoma (PODs 21 and 26). The subdural hematoma found on POD 26 required surgical drainage. The patient in this case also had a postoperative ipsilateral hemispheric stroke on POD 52. Other events in these 12 patients included a significant myocardial infarction on POD 0, severe respiratory distress on POD 0, a wound infection, an episode of severe hypotension, and a seizure in 2 patients.
The surgical certification method and the 30-day postoperative stroke rate among the 30 surgeons who performed surgeries in the COSS are outlined in Table 2 . Fifteen of the 30 surgeons in the trial were certified by attending the initial training workshop. They performed 64 STA-MCA arterial bypasses in the trial, with 11 postoperative ipsilateral strokes (17%). Thirteen surgeons were certified by submitting data on 10 or more consecutive STA-MCA arterial bypasses that met the criteria listed above. In the trial they performed 24 STA-MCA arterial bypasses, with 3 postoperative ipsilateral strokes (12%).
Only 2 surgeons in the trial had provisional certification, and they performed 5 STA-MCA arterial bypasses, with no perioperative strokes. Thus, there was no significant difference in the method of surgical certification for the trial and the incidence of 30-day postoperative stroke (p = 0.91) or any (total) stroke (p = 0.84).
Seventeen of the 30 surgeons in the trial provided self-reported data for 292 EC-IC arterial bypasses for the grant submission to the National Institutes of Health for funds to conduct the study. Twenty-seven patients (9.2%) in these 292 bypasses had a stroke or died in the 30-day postoperative period. The same 17 surgeons in the COSS trial performed 72 STA-MCA arterial bypasses, with 8 patients (11.1%) having an ipsilateral stroke in the postoperative period, which was not significantly different from their pre-COSS experience (p = 0.655).
Twenty of the surgeons submitted data either for the initial grant submission or as part of the certification process documenting at least 80% graft patency in at least 10 consecutive EC-IC procedures, and thus they would have qualified for participation in the original EC-IC bypass trial. 13 The 30-day rate for postoperative ipsilateral stroke for these 20 surgeons (7 [ Since the postoperative stroke rate negated any net benefit of the bypass surgery, we sought to identify factors that would predict postoperative stroke occurrence. We performed these analyses for the 12 strokes that occurred within 2 days of surgery, since these were the strokes most likely to be directly related to surgery. The additional 2 strokes within 30 days of surgery mirrored the number that occurred in the nonsurgical group within 30 days of randomization. Even though this type of analysis is hazardous because of the increase in the false-positive rate given the large number of variables analyzed, we found no baseline or intraoperative variables, including the duration of the MCA cortical branch occlusion and the degree of OEF elevation in the symptomatic cerebral hemisphere, that were different at the p ≤ 0.05 level between those who experienced a stroke within 2 days of surgery and those who did not (Tables 3-5) .
Five surgically treated patients had a primary end point ipsilateral hemispheric stroke after the 30-day postoperative period. (One nonsurgically treated patient randomized to surgery had a primary end point ipsilateral hemispheric stroke within the 2-year follow-up period.) In all 5 of these patients, the STA-MCA bypass was documented as patent following the procedure and before the stroke. In 4 of these patients, the bypass was documented as still patent after the stroke. No information was recorded about bypass patency following stroke in the other patient. Thus, among the 19 patients who had a primary end point ipsilateral hemispheric stroke after surgery, the bypass was documented as patent in 15 of the patients after the stroke. Two additional patients who underwent successful STA-MCA bypasses had strokes in the cerebral hemisphere contralateral to the symptomatic occluded carotid artery. Both of these patients had < 50% stenosis of the contralateral carotid artery at the time of randomization, and their bypasses were patent at the last follow-up. In 1 patient, the stroke occurred on POD 556, and the other patient had contralateral hemispheric strokes on PODs 279 and 608.
Eliminating from the analysis the 12 surgical patients who had strokes within 2 days of surgery while retaining the 2 who had strokes between 2 and 30 days (because of the same number occurring in the nonsurgical group within 30 days of randomization), we calculated the rate of recurrent stroke for the remaining 81 patients in the surgical group as 9.0% compared with 22.7% in the nonsurgical group.
Discussion
Prior to the start of the trial, there was concern that problems might be encountered with STA-MCA bypass graft patency rates during the study, as most vascular neurosurgeons had not performed the procedure in patients with cerebral ischemia after the results of the EC-IC bypass trial were published in 1985. 13 However, the STA-MCA arterial graft patency rates of 96%-98% in the COSS trial were similar to those obtained in the EC-IC bypass trial and other reported patient series. In the EC-IC bypass trial, repeat cerebral angiography was performed at a median of 32 days postoperatively in 92% of the 652 patients who had undergone an STA-MCA bypass procedure, and 96% of these patients had a patent STA-MCA anastomosis. 13 In a report of 415 STA-MCA anastomoses performed at a single institution over an 8-year period, a graft patency rate of 99% was achieved. 36 Cerebral angiography was used to assess graft patency in the first 260 patients, and a Doppler velocity flow probe examination was performed in the remaining patients in that study. The same investigators confirmed a 96% graft patency rate on cerebral angiography in a separate analysis of 163 of these patients who had undergone an STA-MCA anastomosis for cerebral ischemic symptoms due to complete ICA occlusion. 19 Other case series of STA-MCA bypasses have documented graft patency rates of 90%-96%. 7, 23, 32, 34, 42 A 1978 literature review of multiple case series revealed an average permanent neurological morbidity rate of 2.4% and an average operative mortality rate of 4.3% among 376 STA-MCA bypass procedures. 32 There was a 13.6% rate of "other morbidity" in these patients. Other series from the same era of STA-MCA bypass surgeries with 100-415 patients demonstrated perioperative stroke rates of 2%-3.6% and perioperative mortality rates of 1.2%-3%. 7, 31, 42 A perioperative mortality rate of 2.1%, a permanent neurological impairment rate of 6.4%, and a morbidity rate of 25.5% were found in a more recent series of 47 patients undergoing STA-MCA bypass for cerebral ischemia symptoms, 34 whereas no operative mor- tality and a 3% perioperative stroke rate were reported in a contemporary study of 73 similar patients. 23 In the multicenter randomized EC-IC bypass trial, 81 strokes (12.2%) in 663 surgical patients occurred between randomization and 30 days postoperatively according to an intent-to-treat analysis of the surgical data. Sixteen of the perioperative strokes occurred in patients randomized to surgery but prior to an STA-MCA bypass procedure. The actual (on-treatment) perioperative stroke rate in this trial was 65 perioperative strokes (9.9%) in 652 STA-MCA bypass procedures, including 20 major strokes (3%), with 4 of these strokes (0.6%) having a fatal outcome. 3, 13 There was a substantial occurrence of postoperative nonstroke serious adverse events in the COSS, including 2 patients who also had postoperative stroke and 12 who did not. The rate of postoperative nonstroke serious adverse events in the COSS was similar to those in previously published studies of STA-MCA bypasses. Most reports of morbidities associated with STA-MCA bypass surgery have focused on ischemic neurological deficits and have not listed other nonstroke perioperative morbidity rates. However, a 1978 review of 376 STA-MCA bypass procedures documented a perioperative rate of "other morbidity" (noncerebral ischemic) as 13.6%. 32 Seven (2%) of 400 patients, 7 12 (3%) of 415 patients, 36 and 3 (6%) of 47 patients 34 undergoing STA-MCA bypass had a postoperative subdural hematoma/subdural hygroma requiring surgical drainage or subdural-peritoneal shunting. Scalp necrosis around the skin incision developed in 7% 31 and 1.3% 7 of patients in 2 series of STA-MCA bypasses. A pulmonary embolus occurred in 4 (6%) of 70 patients after STA-MCA bypass. 31 In the EC-IC arterial bypass data submitted prior to the COSS trial, many of the bypass procedures were not STA-MCA bypasses. Some of them were high-flow extracranial carotid artery-MCA anastomoses utilizing a saphenous vein graft or radial artery graft. Many of these self-reported procedures were done in patients undergoing deliberate ICA or MCA occlusion for intracranial aneurysm treatment, intracranial tumor resection, or cerebral ischemia caused by moyamoya disease. Moreover, the majority of patients were younger than those in the COSS. Inexperience with the STA-MCA bypass procedure might account for the higher rate of postoperative stroke in the COSS. However, the surgeons in the COSS who provided the pretrial data had similar results in the COSS. There was no difference in the 30-day postoperative and > 30 days stroke rate between departmental/divisional chairs and the rest of the surgeons in the trial. Furthermore, the 30-day postoperative stroke rate of 15% in the COSS was not statistically different from the 9.8% 30-day postoperative stroke rate seen in the EC-IC bypass trial (p = 0.136, chi-square test). An extensive analysis of multiple baseline characteristics and intraoperative variables did not reveal any factors that would definitely identify patients with an increased risk of procedure-related stroke.
Conclusions
The COSS demonstrated that STA-MCA arterial bypass markedly improved, although it did not normalize, the level of elevated OEF in the symptomatic cerebral hemisphere in patients with symptomatic complete occlusion of the ICA. After the 2nd POD, the rate of recurrent ipsilateral stroke for the remainder of the 2-year followup period was only 9%. However, despite excellent bypass graft patency and improved cerebral hemodynamics, STA-MCA anastomosis did not provide an overall benefit regarding the 2-year ipsilateral stroke recurrence, mainly because of a much better than expected stroke recurrence rate (22.7%) in the medical group in the trial, but also because of a significant postoperative stroke rate of 15%. The study also confirmed that severe impairment of cerebral hemodynamics is an important risk factor for subsequent stroke in patients with symptomatic complete occlusion of the ICA and that PET measurements of OEF are an accurate means of identifying patients with an occluded ICA at high risk for recurrent stroke due to poor collateral circulation. 27 The findings of the trial reaffirm both the hazard of relying on even the most carefully studied historical controls and the necessity of performing randomized controlled trials to establish clinical efficacy.
